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ABSTRACT 


An investigation was made into the rate of eqnilibpracned 
ot the stablle 1S50topes of oxygen in the water-smlpnateus oecm 
im the ocean. -iwo cores from the Carmel, Submarines @anvonmo is 
the California coast were analyzed. The absolute ratios of 
the oxygen in the interstitial water and dissolved sulphates 
Peme Getermined Using a Mass Spectrometer. The Various bio- 
logical and physical processes which can alter the isotopic 
ratios were discussed and a simple mathematical model was 
proposed. The mathematical model retained terms which were 
considered significant in the anaerobic zone of a sediment. 
After simple manipulations, a computational model was derived 
mera cCime Constant for the oxygen ratio of the water-sul- 
Mate system was determined as -0.0150+ 0.0029 (standard 


deviations) year’’. From this, the t, was determined to be 


nt 


46.2 years. 
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I. INTRODUCTION 


All elements in nature progress (irom statccmo amon 
entropy to states of higher entropy. Along the way to its 
final resting state, an element may be acted upon by many 
Elerey sources and be cycled through a nearly sceloscdmiaop 
many times. At each step of these loops, the element is 
meted upon while being récombined into itS mext form in the 
ieoop. Oxygen exists naturally as three stablle isotopes of 
mass weight 16, 17 and 18. Of these, 0!’ is found only in 
[maeGe amounts so will not be considered further. As the 
Euable isotopes of oxygen move from one chemical combination 
to the next, the ratio of one mass number to the other may 
Bony accordingly. Some combinations, notably CO,, rapidly 
equilibrate with a new environment. Others, like NO;2°, 
PO, and SO,*-, take a relatively long time to exchange 
their oxygens and exhibit the oxygen isotopic ratio of their 
atmroundings. Ihe purpose of this paper is te investigate 
the rate at which sulphates, derived from a terrestrial 
meurmce, Come to equilibrium with the oxygen in oCean waters. 
If such a rate could be determined for the oceans, it would 
provide a way to date water masses without resorting to 


radioactive nuclides. The equation for this exchange is 


Heo + se, °oO!% a H Ome + Sor ° 


Wiesratios of the 01° to 0°° are defined as the oxygen ratio. 








A. TECHNIQUE 

Originally it was hoped that it would bevpossapbiieuroe 
identify the water mass emanating from the Carmel River, 
California, follow it as it admixed with the Geceame ancdeenem 
determine a rate of equilibration by knowine thevace semen. 
macer masS. However, this method @prescntedmancurnouneanle 
merciculties in following a specific flood tomeenem¢ ames 
River any further than the first headland so it was decided 
that the sediments of the Carmel Submarine Canyon, which be- 
mins in Carmel Bay (Figure 1), offered a handy source of @ 
mie Series Of Sufficiently long duration so that the time 
mreeot Cquilibration of the water-sulphate sys tom couldn 
fecermined from the interstitial water and sulphate of a 
standard core. While there were many problems associated 
meee the study of oxygen isotope ratios in the interstitrvay 
water-sulphate system of a core, it seemed a feasible choice. 
Carmel Canyon was chosen for study as it is relatively un- 
eplored Gomparéed to the more familiar Monterey Submarine 
Canyon in Monterey Bay, just North of Carmel Bay, and the 
Meiseharge of the Carmel River into it is relatively straight 
forward. The mouth of the Salinas River stagnates most of 
@ne year and thus greatly complicates the history of the 
miiphates 1t discharges inte the head of the Monterey Canyon: 
iiterefore two gravity cores were taken at the head of the 
fac lweangwon (bigure 1). he imterstitial water Of these 
Gores was analyzed for the oxygen ratios (the ratio of the 


®.° to the 0°°) of the water and the dissolved sulphates. 
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taken im the Carmed Canyon. 








iilesemake reported sie nednmcas Rit, 0 and Rso, Lespecta hin 
the literature absolute ratios Of this type are noteucuciue, 
mweported; rather, the ratio of the sample as) compa necmmam 
standard of known isotopic composition. This is done be- 
Cause modern mass spectrometers used to determine isotopic 
abundances are of the double collector type which compare 
voltages from both collectors (unknown and standard samples) 
mmtitaneously. The voltages aré thus directly convertible 
Memcclative ratios. This technique gives results  secumarc 
moemrour and five significant figures. The mass spectrometer 
used for the analyses in this investigation was of the single 
Pemencetor type and therefore isotop1e abundance daeautserce 
Bomeveda as the absolute ratios accurate £0 three sigiiiicane 


PEeures. 


B. ho LORTCAL 
1. Laboratory Studies 

Few workers have addressed themselves to the problem 
peepee rate of exchange of oxygen isotopes in sulphates: 
Teis (1956), Hoering and Kennedy (1956) and Lloyd (1967) 
tried to estimate and explain the rate of exchange of oxygen 
in sulphates. Teis estimated the rate of exchange to be such 
that complete equilibration occurred in about 350 years (5 
Mele lives). He did not indicate the pH of his solutions 
Put Lieyd presumed 1% to be low {about 3.2). Lloyd and [eis 
Both let enriched sulphate solutions stand at elevated tem- 


peratures. Lloyd worked with higher pH's and let his samples 


IZ 








stand for up to 2 years. His data yielded an extrapolated 
time of equilibration of about 30,000 cars a0 4 Ge eo 
of 8.2. Hoering and Kennedy studied the exchange rate in 
strong sulphuric acid solutions (If to 16) where sculphuiae 
acid is dissociated into the proton and bisulphate ion. They 
aetempted to measure the rate Of E€xe€hange as aeruneri Onsen 
eid Concentration, (Activity) =) Ene, sdcmonsceratcammincdies cine 
xchange rate 1S a function of pilvamd) further thamecnemals. 
Seciation of H.SO, into H2z0 + SO; - is the rate-determmining 
step of the equilibrium. This is a brief summary of the lab- 
oratory work which has been done. All of it has been done 
abeeeemperatures much above the mean temperature of ther eec a.m 
mc). 
2 eee Work 

Some field work by Rafter and Mizutani (1967) has 
been done to determine del values for oxygen in the dissolved 
sulphates and the water in Lake Vanda, a highly stratified 
Saline lake in Antarctica. Their results are reproduced as 
mieire 2. eel values are reported relative to SMOW (Standage 


Mean Ocean Water) (Craig, 1957) where: 


18 16 
Raa = Om sample cee G2 va 
O28 / On wc eased 
mae the Standard is sea water whose del value is zero. If 


some dates were available for the various layers of the Lake 
anda samples, a time constant could be calculated directly-; 


It is suspected that the stratified portions of the lake 
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Figure 2. Oxygen isotope ratios of Lake Vanda water and 


sulphates versus depth. (After Rafter and 


Marz Ua eee OG 7 
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have remained non-convective for up to 50,000) 7car smell wa 
et al, 1969). The samples Rafter and Mizutani analyzed had 
been collected five years earlier by Wilseneend sie lina 
(1962) and one might suspect that in that time span some 
equilibration could have occurred. However, Loneime liad 
Craig (1967), speaking of sea water samples from the Pacific, 
Sould find "no tendency for samples Stored Up to six yea7s 
momchange Significantly in isotopic Composition.” ~1t 15 pre 
sumed that the deeper layers represent progressively older 
waters. The water then becomes progressively heavier in 0?® 
With depth. 

Teis (1954) determined the isotope effect for cer- 
main crystals and their water of crystallization. He found, 
as one might expect, that the heavier 0O'® was preferentially 
minken up by the crystal lattices of gypsum, barium chloride 
and sodium sulphate. Bi-sodium sulphate showed little ef- 
fect. Overall, one would then expect highly stable struc- 
tures as the stratified layers of Lake Vanda to show a 
tendency to become lighter with age. 

The sulphate oxygen in Lake Vanda also became pro- 
gressively heavier with age with a linear slope approximately 
eal to 0.2 °/o5/ft. Thus the water-sulphate system is 
being progressively depleted of 0'® by some process other 
than that Teis investigated. Biological and physical pro- 
cesses as well as time exchange have probably operated on 
this water. One Chlorella-like alga was collected in these 


layers (Wilson and Wellman, 1962) and it is expected that a 


ile) 








commensal bacterial population exists) bventual ly ee eee 
Sulphates and the ambient water are to equilibrate secac, 
should reach the same del value or values whose ratio is 
constant. This would give a line o£ slope equal (comonemam 
a graph like Figure 3. Such a line has been drawn on Figure 
peas an extrapolation. lt can be scensthat they rareemo. 
@wange of the sulphate is greater tham that ©: thewwater. 

van Donk and Mathieu (1969) analyzed water samples 
from the American Basin of the Arctic Ocean. Below 500 m 
the waters of the basin are apparently non-convective and 
the salinity and 60° (H.0) are nearly constant with depth. 
The water approaches the isotopic composition of SMOW at 
Sreat depth. Unfortunately no analyses were performed on 
Seene Sulphates. 

Rafter amd Mizutani (1967) also investigared=eac 
oxygen values of a hot geothermal spring at Wairakei, New 
Zealand. This data, reproduced on Figure 4, shows that the 
water had a constant del value for all samples run of 
- 5.0 S/o0 (relative to SMOW) and the sulphates had nearly 
mre del value (relative to SMOW) of + 2.0 9/55. Rafter and 
Mizutani assumed that this represented isotopic equilibrium 
between the sulphates and the water and calculated the theo- 
retical temperature to be about 140°C. The measured temper- 
meure Of the bore was around 270°C. They attributed the 
mescrepancy to uncertainties in, thestheorctical isotope 


equilibrium constants. 
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mecure 3. Correlation of 60°* values in sulphates and the 
associated water of Lake Vanda, Antarctica. 


(After Rafter and Mizutani, 1967). 
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Hisure 4. Correlation of 60'* values in sulphates and the 
associated water of a hot geothermal spring in 
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Te EXPERIMENTAL PROCEDURE 


Ax SAMPLING PROCEDURE 

fare gravity cores, 2.5 inch diameter and about 50 samenes 
long, were taken from a fairly level area of the upper head 
we the Carmel Canyon (Figure 1). The cores were not extruded 
Maneewere kept in their plastre lanerseuntil anatyzea. ss ac 
motes were frozen to prevent continuing bacterial ac- 
mrvity and interstitial water migration. Prior to being 
frozen, the residual water atop the core in the barrel was 
Sampled and was also frozen. The two cores were labeled A-2 


a «6=B-1. 


B. EXPERIMENTAL METHOD 

One core (A-2) was sawn lengthwise and each half was 
noaeyzed independently as cores A-Z and A-2b. Both cores 
(A-2Z and B-1) had approximately 2 inch lengths cut out of 
them every 10 inches giving six samples per core plus the 
water taken from the top of each which was labeled top-of- 
core. The frozen sediment was thawed and diluted with ap- 
proximately 250 cc of distilled water and then filtered and 
Beitrituged Lo separate out the solids from the cfiluena. 
Approximately 10 ml of 0.1N NaOH and 10 ml of 0.1M A1C13 was 
added to the effluent to bring down the suspended clays in 
ite Water and the £flocculant and adsorbed clays were centri- 
muged off. Approximately 20 ml of @.1N HCI and 10 ml of 
UeIM BaGl> were then added to the GrEluent and the precipi- 
tate (BaS0O,) was digested for a half hour. The use of a 


bo 








centrifuge to wash the precipitate made digestion less neces- 
sary than if filtration had been used alone. The precipitate 
was then washed three times with distilled water and dried az 
90°C overnight. 

The BaSO; yield from this procedure Vvaricd) trénpappaseme 
volumes of 5 ml in the surface layers of the sediments to 
about 0.2 ml at the lowest depths (50 inches) in the sedi- 
mare AtLen Gryine.s thes prectpata tomWwas meaty ase Om De sie due cur 
fie 1reauction was Carried out asedesceribed by Clayton and 
Epstein (1967). A Lepel RF furnace was used to drive the 
meaction. Fipures 5a and 5b lay out the experimental ap- 
maratus. The precipitate was mixed with 10 to 20 times the 
stoichiometric amount of spectrographic-quality carbon. Lamp- 
black was tried but residual organic compounds masked the 
@esired results. The crucible and pedestals were turned 
mol ad rod Of spectrographic-quality graphite. The crucible 
was fitted with a tightly fitting cover of graphite to en- 
Sure an even internal heat flux. A Leeds and Northrup hot 
here Optical pyrometer was used to calibrate the Settings on 
the RF furnace necessary to give temperatures of 700°C and 
50°C. 

hes iitxXedw pee elite sand searboOmewase puLelN thie Cructolc 
and the whole system was outgassed to about 4x10 * mmHg by a 
feoianical pump backed by an ol diftusion pumps, [he RF fur- 
Meco was turned on to 700 —€ to outgas all volatile products 
and gasses which the chamber and sample may have picked up 


in handling. After the pressure dropped below 4x10 * mmHg 
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Diagrammatic sketch of barium sulphate reduc- 
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(about 45 min.), the pumps were separated from the system 
and the heat increased te 1150 €.) The neset ion wasealtewed 
to proceed for 45 fans he carbon Gdioxidemand cane nminen. 
oxide given off was collected in an ampule which was sealed 
Paech a torenh at thevend or the reaction period er eaemeniae 
meessSures recorded were about 5S mmc. Ihe =Gepaot-core mate 
was handled in the same fashion since it generally had a 
large amount of suspended sediment. 

The gas collected was analyzed on the Naval Postgraduate 
Benool mass spectrometer CEC type 21-103. This spectrometer 
is a single collector type and gives the absolute mass abun- 
maree Latios accurate to three Significant figures. Since 
it was not possible to run samples against a known standard, 
all data is reported as the ratio of the mass peaks at 44 
pris 45 versus 46. The mass ratios so derived are not the 
absolute ratios of oxygen since the carbon atoms were in- 
cluded in the ratios calculated. However the oxygen in each 


matio can be easily determined. 


R (true) = 34/36 | R 


SO, ZA EA (measured) 


S04 


Each ampule (depth) was used for three determinations of the 
maieiO. These are listed as, for instance, 0 - 2 inches a, 

b and c in Table 3. Three determinations were needed to 
average out transient noise spokes in the zero line of the 


mass spectrogram. 
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Thus, 
Pig 


R (measured) = Peerees. (Dias 
ty 


SO, 
where P. 1s the value of the mass peak atomass mune mea 
tine mass peaks atw44 and=45 constitute the sounnonmulcmO: a 
On’. C’°* and C’* components and the 46 peak repnesents 
m0 °O°°. Cragg (1957) indicated that, im del valuesc> the 
miyerection for thesmass ratio (G> /C'*) of the carbon used 
Pmrouinid Ole perecciu.  oance thiseiseon the ondcnuor ac 
Guracy of the mass spectrometric data used, it was therefore 
not included herein. 

In order to determine the mass ratios of oxygen in the 
interstitial waters, the frozen sediment was first carefully 
Semaped to remove the exterior layers. Then the frozen sedi- 
ment was put in a vacuum vessel and kept frozen by liquid 
nitrogen while the vessel was outgassed. When the pressure 
was less then 3xl0°* mmHg, the system was closed off and al- 
lowed to come to room temperature overnight. The water vapor 
and other gasses given off were collected and analyzed on 
mae mass spectrometer like the sulphate samples. The water 
menos are reported as a fraction of the ratio between the 
mass 18 peak plus the mass 19 peak versus the mass 20 peak. 
mmarogous to the sulphate ratios, a correction must be ac- 
counted for because of the hydrogen in the samples. This 
Can be shown to be: 


meee 20 
Riu. 0 (true) = 16718 R50 (measured) 
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where again, 





R40 (measured) = 


The mass peak at 19 was more then 100 times smaller than the 


mass peak at 18 and, therefore, not included. 


c., WATER CORRECTION 

For a single-stage distillation process at 15 to 20°C 
mae water vapor has a 60°° of -83,and oD* of -4%,. This as- 
sumes that the evaporation and condensation of the water 
makes place under conditions of thermodynamic equilibrium, 
and the D? and O'® content in the liquid and gaseous’ phases 
mo) controlled by the vapor pressures as in Rayleigh distil- 
lation (Rankama, 1963). Therefore the absolute ratio of water 
Mepor should shift -1.2xl10 ° per 9/545. This is the correc 
mien factor for water at 20°C; however, since the data in 
mais investigation was accurate only to + 10xl0°°, it was 


momored. 


D. (CHEMISHRY Or SULPHATE ANALY Sis 

Nomuleme lay Seand silts are laad down om the Carmel py Gane 
yon floor, water adsorbed on such particles and carried down 
with them is collected in the sediments as interstitial water. 
Some of this water is carried down the canyon by the predom- 
mately down-canyon transport from the main fresh water 
Source in the area - the Carmel River. Thus the sulphates 
mie the interstitial waters of the canyon's sediments are 


ienived from the surface waters of the California Coast and 
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the Carmel Rivers dhe derived water sanples@were scien. 
acidified to insure that the one barium sale toucome eaeuwl 


was BaSO, according to the equation: 
Ba?* + SO,°” > BaSO, 


Meher salts, pieieaind DOrates are LOO So lubile tombe maser ii 
eut of solution. Thus, oxygen in the sulphates was fixed 
fewcne precipitated barium sulphate. 

The washed precipitates were mixed with at least ten 
mimes the amount of carbon needed for complete reaction. TMhe 
PaOuetlOn Was Carried OUL 1m a Carbon crucible. ihe fallor- 


mie equations describe the products of this reduction: 


basOwe (Ce bao ae ot ECO nonin h 


eet Oore @C On wien. ll 


Longinelli and Craig (1967) and Rafter (1957) have discussed 
the temperature dependence of these reactions. In general 
lower temperatures (1000°C) of reaction produce more carbon 
monoxide whereas at higher temperatures (1150°C) less carbon 
monoxide is produced. 

A series of analyses were run on pure carbon dioxide 
and on air to determine the breakdown of the main component 
and possible contaminants to the analysis. Each sample was 
tested through the range of operating pressures of the ion 
mamaniber in the mass spectrometer. The results of these tests 
are depicted in Table 1. The National Bureau of Standards 


published spectral data om Argon, CO., CO and Op (American 
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Petroleum Institute Research Project 44, 1960) aresprescentea 


in babe, 


Table Il 


Mass. spectral sbata for Air (at odie cue ieens cst 


Mass Number 
imeensity 
mEessure 
iartens 1 ty 
Pressure 
imcens 1 ty 
meeSsure 
Intensity 
Pressure 
Intensity 
Bae SSUre 
imtensity 


Pressure 


14 
106% 
res 
LO Teeo 
i/o 
509 
1) 
SOE 
ALON (0)) 
394 
Oreo 
387 


3297 


16 
31.4 
microns 
S720 
microns 
90.6 
microns 
55.5 
microns 
Hoe # 
microns 
Sas 


microns 


i 


ce 


De 


ae 


On 


On 
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Ld 


28 
1248 


2394 


3980 


4790 


5160 


5000 


Zo 
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Be 2 


Zo 


Soe 


son 


Dm 


a) 


oe 


Zoo 


490 


825 


987 


1065 


1041 
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40 
Zoe 


DO 


Ge 


ee 


P2008 


yes 
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Mass Number 


Relative 
i Geioul ty 


Mass Number 


Relative 
intensity 


Mass Number 


Relative 
Mens 1 ty: 


Mass Number 


Relative 
Intensity 


Mass Number 


Felative 
Peel oa hy 


Mass Number 


Relative 
eect ty 


Mass Number 


Relative 
ee Iie ys 


Table. 2 


Published Mass Spectral Data 
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A. Ohi eesn 
The sulphate ratios with depth and the overlying water 


ic a range of R Of 45,1x10 * 2° 029R (ables pee tlotred 


SO 
against depth (Figure 6) they fell on a complex line. There 
was fractionation apparent between the overlying waters and 
mac Sediment water interface. The sulphates in the top lay- 
ers of the sediment columns were rejecting the 0O?® and ‘re- 
Zmomime © °, There was an inclusion of the heavier O74 or 
an exclusion of the lighter 0'* between the surface layers 
moeecne 10 inch depth. walhen £rom 10 °anehes Co S50 inches aa 
clusive, the Rog, WASmeCOnsS Call eat doa > tee 2x0) “SNe 640 
and 50 inches there was a slight lightening of the sulphates 
as the Rog, dropped to 42.7x10 *. Therefore, in this region 
some mechanism(s) was (were) operating to include more of 
the light 0°*° or to reject more of the heavy 0O'°® from the 
mieerstitial sulphate ions. 

The results of the water analysis showed interesting 
variations with depth which tended to correspond to the 
mubphate analysis. The top-of-core water (Figure 7 and 
Table 4) representing overlying water, was lighter than that 
from the top sediment layers, thus water which came down as 
micerstitial water in the sediments was preferentially 


Meavier OF Was acted Upon immediately to fractionate out the 


ie 4 In the firse 10 inches of the sediment, the water 
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TLabekeoss 


R Core B-l 


SO, 
DEPTH IN CORE R R 
(Inches) (measured) Average (tue) 
Top ay eeleO) 
of b. 40.6 Alia AS 6 
Core Cnet lsd 
0 - 2 pat) 
Dee Ore 39.7 A 
Ciro nd 
10 are eas 
b. 40.8 40.8 43.4 
Cr 40.7 
20 An bed eee 
be iO 4 40.9 A325 
Cu, Vor. 
30 Gi 40) 
eae a 40.9 ASS 
Ga “40.09 
40 a. 40.6 
In HOS aS 43.0 
eyoo eo --Disregarded 
due to noise 
level 
50 ave 4 eo --Disregarded 
bee 40725 40.2 42.7 due to neice 
Caro. 9 ; level 


(All values of R, are presented IL) 
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Figure 6. 


Absolute oxygen ratios in sulphates of core B-1 


versus depth. 


a 





aga 
Ruse (*10%) 


oD aCi COC eo 206 
Co = ic 
10 

LJ 

67> 

Ov 

= 20 

= 

a 

i 

LJ 

QO 30 
40 
SO 


meeure 7. Absolute oxygen ratios in water of core B-1 


versus depth. 
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Table 4 


R50 Core B-l 


Depth in Core 


(Inches) R (measured) Average R true) 
Top en 2a 
of Dita 0 ne LoS 
Core Ce el eo 
ieee) Z eli 35 
‘De ZIRE, Zee 2a - Desrepanded 
Cy due to noise 
level 
10 cae 2 2 
re. “eseul 755 L516 
Ce eo 
20 ee ee 
Diels onl Zee 
€, “-7- 
30 At rene Ore 
Dic Onl 2 oge 2675 
Ci 
40 Ae 2 28 
Die, £225 Cie Zon) 
Cue O20 
50 a. 20.9 
D~ eZalien0 Zee 7 ees 
c Vb bi 


(All values of R, are presented x10") 
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appeared to remain essentially constant or slightly lighter 


at Rig = 24.1x10°*. Then in the nexge20inchcomouscone 
fess TI 10) anit © aes Onesie ets eee tie R50 ratio increased almost lin- 
early to 26.5x10\*. Im this recionssomesconmb una rianmmon 


factors was operating to remove the lighter 0O'® from the 
interstitial water or add the heavier 0'*. Below 30 inches 
ime water became progressively Taehter with depieimecaliiys 
fen a Gatio of 26,5x10 ° At 30 amenes to Jy /xlGme saees0 
inches. Therefore, in this region the heavier 0'° was be- 
ing taken from the water or the lighter 0'° added to it. 
Figure 8 summarizes the relative change in O!° with depth 


fnpethe water-sulphate system of core b-1. 


BS CORE Oh a2 

Core A-2 (Figures 9 and 10, and Tables 5 and 6) was 
Mie first to be analyzed and, due to ianexperience in handil- 
ing and the fact that the mass spectrometer had a higher 
morse level than when samples from B-1 and A-2b were run, 
had a wider scatter in data points then core B-1l. This 
mucacly complicated a discussion of results from this core. 
Seneral outlines relative to core B-1 could be drawn, how- 
ave, 

The sulphate ratio determined from the overlying waters 
for the two cores was about the same and a value of 43.5x107* 
was adopted as representative of the sulphates of the over- 
lying waters. The surface layers of the sediment had about 
this ratio within the spread of data values obtained. Be- 


tween the surface layers and 10 inches the sulphate became 
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Figure 9. Absolute oxygen ratios in sulphate of core A-2 


versus depth. 


36 








Table 5 


R Core A-2 


50h, 
Depelh in-Core R R 
(Inches) (measured) Average (true) 
Top a. 40.9 
of DeOe.6 LOT ee. 
ore cc.) 40:26 
00 a. 40.6 
een A ee AS, 
Ce eae 
10 ade | 
eo ens 40% I 42.6 
CHS 9.40) 
20 eee 
Dele d) alae 44.0 
Cea 
3) Gace ole 
bee e408 ae 43.8 
Cred ee 
50 a. 44.2 
Dees tees ore 46.0 
Ce Lan 
SZ oO 
Deo eo 38.8 aS 
Cay | S.Gen0 


(All values of R, are presented pees) 
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Taple. 6 


R COie Nez 


H20 
iepth ti. Core R R 

(Inches) (measured) Average (Cerne) 

30 Ge 5 u8 
eae 24.9 25.5 

Cully 20-5 

52 a, 24.1 

Deco) 
Ce 52 2525 25.9 

ea 


(All values of R, are presented lila) 
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lighter. Then between 10 and 20 inches the tatromme: osc. 
to about 43.7x10°* and was constant fo 30) inches ine sbouron 
sampling depths of the core were not taken as representative 
of the core since it appeared that, the bottom of thie scoreenad 
some extra water frozen in with at. 

The interstititial water analyses from A-2 were incon- 


elusive because of the lack of datd points. 


G.. CORE A-2b 

Core A-2b was the last series of analyses run and the 
miereased level of experience in sample handling was retlect— 
meme Lichter CYroupIng son data points. {Fagures 1) througn 
13 and Tables 7 and 8). Core A-2 was taken about a mile and 
Mili Up the canyon trom core B-l) this as retlectedsin 
the analysis of the core which showed a more complicated 
picture than did B-1l. The relatively constant integrated 
value of total 0'°® was interpreted to mean that the pro- 
cesses which act to remove or add 0!* were acting approxi- 
tee ly 1n equilibrium and therefore authigenic mineral 
formation was probably not occurring. Over the whole core, 
mac water-Ssulphate system appeared to have lost a little 
O7° relative to the surface (Figure 13). Coming from a lo- 
cation nearer the coast, a deeper aerobic layer was expected. 
Below 40 inches, the system was probably beginning to be- 
imave more like B-1l, with the water ratios moving to the lert 
and the sulphate ratios beginning to respond to reach this 


ew equalibiaum. 
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Figure 11. Absolute oxygen ratios in sulphate of core A-2b 


versus depth. 
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(Inches) 
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Figure 12. Absolute oxygen ratios in water of core A-2b 
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Table 8 


R50 Core A-2b 


Wepin an (Core 


(Inches) R measured) Average R true) 
ees laa 
Da 1ee6 DAS 21S 
Ce. 2 eed 
eel ie 
Deca Clee Zee 
Ce 24 
moe 20 Ae cOlae 
beac ek 20.9 Cale? 
eo, 20.8 
ml - 32 aa 20.7 
Dey 2a COR? 20 
Ce UeZ 
le 42 ae 2 An 0 
be Biles 2 Al.d 21.6 
eG. ZUes 
Za 49 aac iz 
Denes ZO <3 2026 
Ge 20a 


(All values of R, are presented sali: 
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IV. DISCUSSION AND THEORY 


Ns GENERAL 
The underlying principle that one uses in following a 
Suite of isotopes through a chemical system Sy ulplal the 
lighter isotopes react more rapidly than the heavier when 
bond-breaking predominates. Thus, a process which acts to 
peace the oxygen (in this investigation)) in 42 d@ifterent 
emergy state will tend to fractionate the parent population 
leaving O'® behind and removing 0*°, or vice versa if bonds 
are being formed. 
ae LO lope Teale SOtoneur i leet 

Microorganisms (bacteria) exert a strong influence 
em che geochemical sulphur cycle and it 1s expected that they 
moet likewise influence the geochemical oxygen cycle as it 
memtains to sulphates. here are bacteria which oxidize 
sulphur and its inorganic compounds both photosynthetically 
mintorhnodaceae, Chlorebacteriaceae and Athicorhodaceae) and 
non-photosynthetically (Beggiatoaceae, Achromatiaceae and 
Mnitebacillus). There are those bacteria which reduce sul- 
phates to hydrogen sulphide (Desulfovibrio and Sporovibrio) 
and there are those which reduce organic sulphur compounds 
to H2S (various pathogenic and saprophytic types like 
BEoceus, Serratia and Clostridium) (Frobisher, 1957). 

Of the bacteria which form sulphate from reduced 


sulphur, most require free oxygen to live. An example of 
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an aerobic Thiobacillus reaction woulaspe 
SNa2S203 + H,O0 + 405 > 5Na.SO, + i> > Onnmeel 


whach is the overall reaction for Ihiebacallusseniooamuss 
There is also an important group of sulphate producing bac- 
teria which do not need oxygen but can utilize nitrates as 
ameenergy source. JA, common one found in) soil 1s 3iihiencer ia 


@emitrificans; its overall reaction is 
So. ot 6HNO 3 a 2H,0 ae SH. SO,4 + 3N>5 


Moni sher points out that the thionate bacteria can occur 
where sulphur and its compounds occur as a result of chem- 
mere aCtaon or due to protein decomposition of the sulphate 
meaucing bacteria Desulfovibrio. It 15 of some importance 
nere to note that thethionate and nitrophilic bacteria use 
marer in their reactions as well as thionate, oxygen, sul- 
phur and nitrates, thereby establishing oxygen exchange with 
the ubiquitous solvent. 

The sulphate reducing bacteria are divided into two 
genera. Sporovibrio, however, is thought to be only a spore- 
meoaming variant of Desulfovibrio. The fresh water specie D. 
Besulfuricans 1S a Strict anaerobe and heterotroph. Its 


G@verall reaction can be expressed as 

26n ChOnMeCOON AS tino, Seconds COOnNaet 55 + oO + 260, 
ietice that two end products are carbon dioxide and water. 
peme sulphate reducers aresautotrophic and can directly re- 


duce inorganic sulphates by means of the enzyme hydrogenase 


4H» an HpSOmen ene Boo HO 
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Again, water is an end product. The photosynthetic reactions 
will not be considered due to the location Of the eoanpleee 
There have been a considerable number oL labponagem, 
studies done on the fractionation cf sulphur in the biologi- 
cal reactions discussed above. Nakai and Jensen (1964) in- 
mestigated the biological isotope fractionation om sulpnun 
in sulphates and sulphides. They showed that the isotope 
fractionation of sulphur in sulphates was constant at 1.020 
when the supply of sulphate was limited in a closed system. 
Thus, regardless of the instantaneous concentration of sul- 
mire, S°- will react 2% faster tham wiliesS°*. They also 
Showed that the reaction is unidirectional and comparable to 
mre xpected from an inorganic reduction of sulphates. 
Harrison and Thode (1958) postulated that the bacterial re- 
duction of sulphates caused fractionation of the sulphur in 
two possible ways, namely in the reduction of S0,*° to S0O;77 
meiere is first a combining ™step of thewsulphate to an enzynie 
and then secondly the enzyme-sulphate bond is broken with 
tae enzyme cleaving off an oxygen from the sulphate; ive. , 


plea: al 


. C1 
[0°  yenzyne = -50y* enzyme 
C2 


Se wT 


c 
EniZyiNe=oOly, + SO;77 + Orenzyme 


iitey Said that step | left behind S°* in the free sulphate 
nonce and preferentially took Upeg . then inestep ll; the 


oxygen cleavage step, the sulphate complex with S*? was 
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preferentially broken to $0;°°. This postulatco sce meceoue 
with the general principle stated ermoimail, Sealers come 
Thode showed at very low sulphate concentrations (1x10 *moles/ 
1) that step I became unidirectional in the ¢y, directioneand 
dominant, while at higher concentrations step II was dominant. 

Biological reduction of sulphates have, in general, 
peen Shown to fPractionate sulphur (wienmthere 1S 4 traeeron.. 
wom) such that the residual silphate 1s enriched in’s-* 
fereremenko and Mexhtiyeva, 1901; Kaplan and Rittenbengy) god 
memes and Starkey, 1957-) Kaplan, Emery sand Rivtenbcers et oe 
Nakai and Jensen, 1964; Mekhtieva and Kondrat'eva, 1966; 
Thode, Kleerekoper and McElcheran, 1951) except at very low 
miipiate concentrations, When, conversely, sulphate 1s beim, 
biologically synthesized it will be lighter in S** than the 
Source of sulphur (Nakai and Jensen, 1964). 

7 SLO iare UIiStmloWwe lL Oleic CuMentsc 

A simplified model of the distribution of sulphates 
in recent sediments was proposed by Berner (1964). Berner's 
model assumed that the local time rate of change of concen- 
mertion of sulphate in the interstitial water of sediments 
was the sum of three terms: 

dee ONL eed risa on 

Dem DEpOSst tlOnp its. COMnpaceion 

Con baecceriake(anacrobve) Sulphate reduction. 


His solution was 
ex) 


<a 


(r= (CueeCe ee ie eG 


0 
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where, 
C.. = Concentra cronmotesuton acer 
w = rate of deposition léss ptatomotemconpaceno meat 
LS Cdulate towe cre, 
k = carbon oxidation rate constant for sulphate 


redwcing Bacteria, 


xX = dept iim the cone awe.) 
C = Jbl al eOnecene ra cloned & exe a= a0 je 
Co = asymptotic concentration (at x = ©). 


beamner fitted his solution to sulphate concentrations in 6ne 
memene Cores Of Kaplan ctyal (19603). this 1s reproduced @ac 
meoure 14. The equation for the fitted curve is 


= 01.539) 


Laan. + 8 


Berner fudged a bit here since values of sulphate concentra- 
mom increase artter depths greater than 320 cm. Kaplan ¢t 
eum. 963) suggested that the asymptotic value for sulphate 
Soemcentration at depth could be an artifact of analytical 
Mechinique or could be a measure of the exhaustion of utiliz- 
able organic carbon. Nakai and Jensen (1964) showed that 
baological oxidation o£ sulphur and pyrite took at Jeast 10 
days. Thus Kaplan et al were probably wrong to suspect mani- 
Pelatiom aS a Source Of error. Two of the three cores ana- 
mezed by Kaplan et al showed a virtual monotonic decrease in 
euiphate concentration with depth. One (Santa Catalina - 
6248) showed a zone of increasing sulphate concentration with 


depth in the first meter of the core, then a steady decrease 
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leoure 14, Sulphate Concémaration versus depth data for 


Gomemvels! [TrOmmoantamsbarbarambasin {after Kaplan 


Cee enka 
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in concentration until values were comparable to the other 
cores (Figure 15). The Kaplan group felt that the surface 
of the sediments 1S an area where a2crcbtc vaeteriamar ome. 
tively fractionating sulphur compounds, giving the sediment 
column a population of combined sulphur whose isotopic com- 
mesition 1s significantly different ¢rom thaegucrsseawaccs 
eiiphur whose 6S°* = 20.4 9/55. This comecept is stromaty 
supported by the work of Skerman (1969) who demonstrated co- 
populations of aerobes, anaerobes and sulphate-reducers in 
Gores taken in Milford Sound, New Zealand. He found these 
mimec types Of bacteria CO-ExiSting I ieetics Of 67/7:5 and 
Pao. In the upper inch or two of the sediments. In ome 
mci cOre, CO-exiStent populations of all three types of 
baeteria were demonstrated to exist down to 7 £t in an 8 ££ 
sore. The depth of aerobic activity was attributed to the 
strictly terrestrial origin of the deposits. Kaplan and 
Rafter (1964) also showed that surface sediments support 
Thiobacilli who draw O, from overlying waters and H2S from 
the lower sediments by diffusion. 

The sulphates in the Santa Monica and Santa Barbara 
cores (Kaplan et al, 1963) became enriched in S** with depth 
mile the Santa Catalina core showed a progressive enrich- 
Ment in S°° (Figure 16). However, this data was scanty and 
Showed only a trend with no details. 

SP USOL Ope Rat 1OSs Fone oUlphabes sim a) Cone 
Kaplan et al (1963) suggested a hypothetical model 


Suptie Sulphur cycle in recent Calitormia sediments. they 
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Figure 16. 6S°* values for three cores from the California 


lye lis [Ceneeere Glo llelol ie sel Eis 5) 


54 





assumed: 

a. Constane ratesot deposut sane 

b. Sulphate was present in the sediment column 
dissolved in the interstitial waters, not in combined form 
(barite, gypsum) or adsorbed onto clays. 

c. There was no diffusion of water into the 
sediments from the overlying water; i.e., the water in the 
column is a closed system added to only by new deposits at 
ie top. 

d, At some time after deposition, oxygen was ex- 
hausted by microbial activity. 

er Atter the oxycem was alledepletec s thenmsuijon dite 
reduction started and proceeded to completion. 

fee A Cascade oL reactions thempoccurred “soucut- 
phides which ultimately gave pyrite as an end product. 

The consequences of this model, in terms of what happened 
to the sulphate were that: 

The 6S** of sulphate sulphur would increase with 

depth and exceed that of sea water at all depths 

Atceieetiec Inltrdtren of Sulphate ercduction. 
iometiis mocel, certain Mod@rications were added” to explain 
mieir findings: 

doo eevee ene sccdimemeewater intemiace sulphate Tpeauc- 
tion (pyritization) could occur in microenvironments such as 
faunal tests. This pyrite, formed from the infinite sulphate 
pool of the overlying water, was depleted in S** and could 
iter Server asaimcollce om iaeht Smlpliun stom the Torna Elon 


of light sulphate by sulphur-oxidizing reactions. 
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b. The isotopic enrichment in S** was found to be 
inversely proportional to the rate of redue( donee. [ia oer 
the faster the rate of reduction, the less the fractionetscn 
between the parent sulphate and the product pyrite, 

With regards to the oxygen ratios in sulphates, the 
following processes are therefore suggested as likely to 
Oeeur : 

a. At the sediment-water interface both aerobic 
madmanacrobic bacterla Can Co -e€x1St and cans reducemand scan. 
meze Sulphur in relatively close proximity to cach other, 
However, since the Thiobacilli have been shown not to frac- 
Mmeonate Clemental sulphur (Kaplan and Rittenbere, 1964. 
wones and Starkey, 1957) in sulphate production and sul- 
phides only weakly (Kaplan and Rittenberg, 1962; Kaplan and 
Patter, 1958), it 1s assumed that their fractionation efteetr 
upon oxygen is also small or non-existent. This is perhaps 
a poor assumption but there is no other data bearing directly 
on the problem. 

-b. As sediment is buried more deeply in the core, 
HLS oxygen supply becomes more and more depleted by the 
Heston or Ihiobacilli and the possivbulity for completely re- 
ducing microenvironments to occur would increase. Thus the 
sulphate is being more depleted in O'* and becoming heavier. 

Gee Nit ophiilrewbec ter lagieoildmox1diuw2c tree sil phn 
PeLOml swipiates UuSInegmnheratesS asewan Oxygen Source. “This 
meaclionm would: probably only, oceur afterpall the oxvecen was 


used up since free oxygen has a lower bonding energy than 
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nitrates, or may occur to an increasing extent in mileroemy mao 
ments. This sulphate so formed would bes light jinesulpaes 
relative to the elemental sulphur Wiel siseets els bee ieee 
tive to the ambient sulphates. This jeseexpeectcdesinceucac 
process from pyritization to sulphur joxtdations 1 csulltce ied 
fractionation of the sulphur with the lighter S°** being pref- 
erentially acted upon. It is assumed that the sulphate so 
formed would similarly be lighter in oxygen than the nitrates 
mom which 1t was formed. “there does net appeametaniavec sheen 
ey work done on the oxygen exchange time constant ton m1- 
Prates. Longinelli and Craig (1967) remarked that the ni- 
trate time constant was presumed to be long but gave no 
muetener data. [ft 1S presumed that 1€ 1S at Weast as long as 
wmat Lor sulphates. 

d, dhe sulphate oxyceneis, atyeach=sGcep, conmiaiimg 
the slow equilibration process with the water. After all 
other processes are subtracted out, a residual decline in 
the oxygen ratio approaching that of the ambient interstitial 
water should be noted. 

e. The effect of organically bound sulphur on the 
sulphate system is ignored. Kaplan et al (1963) estimated 
that organically-bound sulphur constituted less than 1% of 
tne coOtal sulphur in the) sediments. 

livers Uiiet OuclmOnmmeNCS ec) lL OGe 56S nu cee Oimmar Mile 
eguilipration 15 presented as an idea-gram in Figure 17. 

This figure shows only a qualitative hypothetical model and 


Meco Ot take into account any other processes. Prom Figure 


oT 
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Region I SNUG orice Clea OMe cmn( whl > One Ola)i ym Ope 


SUlphate pmodtecnrs, { -1150) 


Ree10n I] Sulpnate reducers ( H,OtCOs > NO. + 
SWipiatesphocueers (roy 


Region III Sulphate reducers [step II of Harrison and Thode 
(1958) dominant ] 


Region IV Sulphate reducers [step I of Harrison and Thode 
(1958) dominant] 


Figure 17. Idea-gram of nutrients and oxygen ratios versus 


depen (Depth scale is arbitrary and comcentira. 


MieMseot Nutrients are arbitrary ). 
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17 it can be seen that the sulphate concentiationedcerc.4-. 
with depth while being reduced and oxygen 1s being wsed up 
until nitrophilic bacteria start, orodueingeiome aioe 
which it monotonically decreases in concentration. It was 
noted qualitatively during sample handling that the amount 
of precipitate in the cores did decrease by a factor of 
meontc 5 trom top te bottom of the) cores. 


4. Ettect of spH on Oxyeen katies 

If no processes acted on the water or the sulphates, 
and the sulphates were initially heavier than the water by 
Meo ©/oo (Longinelli and Craig, 1967), then one would expect 
ie oxygen ratios to approach each other in a closed, con- 
stant volume system (Figure 18). The 60" "00 and 60°" sg, 
should asymptotically approach each other and in time have 
mmconmon del value between 9.5 ands0,0 per mille. Slers isa 
mowed that the rate of equilibration 1S pH dependent.  In- 
creased CO, concentration speeds the equilibration. Lloyd 
e607) noted this pH dependence and ran Several of his sam- 
Peeoe at Ct tlCerent pil SeronderclhiimcnttsS CC LPeecEOn cic mune 


mace Of equilibration. From Longinella"s graph, one can 


determine that 


dis Clacent: } 
STE Eee re ee = 0.35 
d (pH) Gee onstant 
Horeinstance, the half lite Lieyd calculated for pH 7 was 
about 35 years (at Z00°C) and was 50 years at pH 9 (at 200°C) - 
Thus, if the pH in the sediment column is to change with 


depth (time), the rate of exchange will change correspond- 


ingly. In all levels of the previously discussed model, 


a 
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Figure 18. Idea-gram of 60'* versus depth (no pH variation). 






Rdie of equilibratjon 





increased 





Rate of equilibrafipn 


decreased 





Figure 19. Idea-gram of 60'*® versus depth (with pH varia- 


tion similar to that found by Kaplan et al, 


1963). 
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CO2 1S produced by bacterial action. Thisiwaeieouie ak 
equilibrate with the interstitial water as wel as changesuc 
pH. Kaplan et al (1963) moted am Gita aie eyed cies see 
the first 30-100 cm of core im thease Samiteaees ane cise 
Monica and Santa Catalina basin cores. Below that level 

ene pH was erratic but generally increased slowly wieusdepen 
to a value of about 8.0 (from 7.4). This can be interpreted 
imemedan that the €0> being added) to the copes) Situ bellow 
100 cm by sulphate reducers was not sufficient to prevent 
Mmteeslow inerease of the pH Of the interstitial water in see 
mere from Other processes. —The surface Layers may have had 
enuch Sulphate that the COs produced could wsipnii ean, 
Hower the pH as was reflected in their analysis. <A general- 


ized idea-gram of 60?® versus depth is drawn in Figure 18. 


SOM 
The effect of the expected variation of pH in a core upon the 
mate Of oxygen isotope equilibration is to speed it Up sain the 
Surtace layers and to slow 1t down at depth. If 1t varies by 
ie> pH units, the time constant could be approximately halved. 
The effect of PHS Wp Oipreie sd cm eUitevc Ss ince de cab ay Ze de alemae i aUldee 
ime In reality the effect of pH on the shape of the two 
mOtope ratio curves may be very small over 30-100 cm of core: 
In the surface layers and down to the bottom of the 
modeled Per eonaiie zone, water is being used up by both 
imerophiles and aérobic sulphate producers. Again one ex- 
pects the lighter water to enter the reaction first. And 
feenove that Sulpmace reducine bacteria respire water as a 


Dy product, Thus, exclusive of the time effect, the 60°" 1,0 
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will be a combination of these two biological reactions 
(Figure 20). Figure 2064>ccume>s stn sulphate reducer onm 

(water production) is proportional to the sulphate concen- 
tration and that sulphate production (water loss) is inversely 
proportional to the sum of the oxygen concentration and the 


mecrate concentratron: i12e 


cae? 


HI 


d{H20], Oa at 


d[H20], = Kz [O02 + NO377] 


Thus, 


a1 © 


K; [SO,y*"] + Kz [O02 + NO3*7] 


The sulphate present ain the top layens of bortnmecomes 
was noted as being lighter OF atelcasty the samewasetnemoule. 
phates in the overlying waters (Figure 6) and thus, water 
produced from their reduction would be lighter than the am- 
bient interstitial water giving rise to an initial decrease 
MmieisoOtcope ratio in the interstitial waters with depth. As 
eiewlighter sulphates were used up, the ered Decanew Weaver 
mmeneavier. Down to 30 inches of core depth, data from core 
Bel tollowed this hypothesis, below this (40 - 50 inches) at 
became dramatically lighter as though some new mechanism were 
miem dominant. the ratios for sulphate (Figure 8) alse 
shifted down and there was a decided loss of 0?® from the 


water-sulphate system. 
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18 Produced by sulphate 
do'SH5 0 Pre guE in Mec sy ace 


=i aa -[>Oy| + 


a DEPTH 


Figure 20. Idea-gram of 0'*(H,0) and sulphate concentration 


MenSUS de ptiludseaeneOtccmpn esi lpia — 1 Cullens. 


bacteria: 
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5. Physical Processes Which Actwon theWatens oy ioe 
Sy SCem 


Other processes acting on the water-suipnatous ws 
independent of anything jthus far discussed cannot Dewexacmiss 
Specified. Garlick and Dymond (1970) sihoweds tate, cle iie 
glass shards do exchange O'*® with water in sediments. They 
Showed that probably the glass exchanges oxygen very slowly, 
altering the del value + 12 °/o9 in 49 million years. Savin 
and Epstein (1970b) showed that there was no evidence of ox- 
Boren 1Sotope exchange in detrital clay minerals trem 24 
morldwide ocean cores. However, authigenic montmorillonite 
mais Shown to fractionate oxygen relative to water in the 
foro Of 1.028 to 12000] Tmey stated, “whem tnesmine ras 
merc ocean sediment are formed in Situmeethis mayewe de- 
mectcd by their 1sotoplc Composition s(being different strom 
mene Same mineral of detrital origin). They showed that 
minerals formed in a marine environment, "suggest formation 
hMimthe Marine €nvaronment under 1s0otopic Equilibrium con- 
merions.'' In point of fact Mixtures of minerals can be both 
Imemter or heavier isotopically then their detrital counter- 
Merts. sSsiever (1968) showed that different clays recon- 
Stituted in silicate-spiked water could become less hydrous. 
Boron also has been shown to fractionate on adsorption to 
lays aS Doric acid (Schwarz, Acuei and McMullen, 1969): 

Kaplan, Sweeney and Nissenbaum (1969) analyzed 
ae) Cha Cee se SONmEnc WRC msc (nO mO mien C. waCe IS One es UApiier 


compounds and sulphur ratios. Figure 21 is a histogram of 
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eesure 21. 


sedimentary 
Sa 


+20 10 +00 
S24 Osc 


Histogram of sulphur isotope distribution of 
difrerent Sulppuresvecic sm? VONsImterstitpal 
water and sediment from Atlantis II Deep in the 
Red Sea (cores 84k and 120k) (after Kaplan, 


Sweeney and Nissenbaum, 1969). 
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tail pleats rere from those cores taken from the Atlantis II Deep 
whose sediments have been shown to be sterile (Watson and 
Waterbury, 1969; Truper, 1969). The interstitial sulphate 
was being fractionated when 1t entered the <olide piacemonde 
further, the sedimentary and interstitial sulphates were 
being fractionated by the physical processes which change 
them to sulphides and elemental sulphur. These processes 
were apparently step processes as a range of values for S?** 
were not found in the cores. In any event some magnitude 
Soetie changes to the sulphur popullativon can be obtained 
mom this, It 1s €xpected that the oxygen populacion would 
show corresponding responses to physical processes. 

The effects of all of the processes discussed is 
feacrammatically depicted by Figure 2Z. There are three 
processes which are capable of adding 0!° to sulphates in 
{me interstitial water of a core section; they are: 

ae bLOlogi Cal OxmldatrOn OF tino LO SUL pna re aby, 
merobic bacteria 

bo Brolloe1 Caleoxidatronmoxshbo tO sulphage™ by 
meerophilic bacteria 


Ca line sde pendcmumec ct hulrere memo ishueh Widee 


k 
AON OM MESORMOOL = [TO BSOn 


There are two processes which can remove O!° from 
wie Sulphates [Of a Core Sample: = eney are: 
a ED IOLOCLca bP Geduction of sulphates 


b. €hemiceal oxidation of H,S (aerobically). 
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Time 
| =quil bration, 
HO 8500 


Chemical 
Oxidation 


Of HStO5?SOy 





HoO 
Other 
Processes 


meouGemzcae Ine Water-Sulpitate OxyoenwrsoOtope SySteEMm 1m 
SeaimentS. s(inrOws iInalcate prererential 


movement of 0!®.) 
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These same five reactioms eperate on Watcrenmeanetiye ase 


fashion to alter the oxygen 1s0tope Tetioe: In addi tione 


H20° 
other processes can operate to add or subtract 0° from the 


water. Examples of thesemwere disceucced sapenee 


DS, DEVELOPMENT OP Sia lTHEMAl) CALS Obi 

The possible effect of Nttrophilig bactenra eG ii uememe 
reduction of organic sulphur compounds and very low sulphate 
eoncentrations will mot be considered further. ft waseas- 
sumed that in core B-1 the zone 10 to 50 inches was anaerobic; 
mds, aerobic reactions were excluded, This left biologie! 
meduction of sulphates, time equilibration cf water-sulpiaces 
eraeother processes to be considered anvdevelopiiie saemaeie. 
matical oe 

I. Bttect of Sullphate-Reducing Bacteria 

Kaplan and Rittenberg (1964) showed that the amount 

@f fractionation of sulphate S°* is inversely proportional 
to the rate of reduction and independent of sulphate con- 
@emeration, souch a relationship was pi&esumed to hold forvox— 


ween ratios: 





acon Jee tle, SS Geet a) 
ont biol ae ot Baro. 
Sel 
where k; = proportionality constant. 


Zee ee COU BO une Wet LOCCS SCs 
The rate of change of the oxygen ratio in water due 
to other processes was arbitrarily assumed to be proportional 


wOntheenate OLoclay formation and had a £ractionation» tacrou 
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of 1.028 (after Savimvand= eps temo tae: 


dR 





H»O 7 ac 
at || Oe Dey semen oaa (2) 
where 
G = concentration. Of avenicentc marerinaikec 
w = dx/dt = rate of compaction rate of deposition 
ko = 12072 ce 


$2. Ertect cor Taine Equi Erbaat ron 


The rate of equilibration of sulphatesyren waeer 
Poem caken to be proportional €o the ditference or. the Gx cen 


Hatios Of water and sulphate: 


OR dR 


SO H 50 

ee ert So « = = ae ae 

at time is (Reo, Ri? St | time 4) 
where kn =) time constant, 


4. Computational Model 


Now some Cxpression was ilecded toucxprescutne con. 
eemtration of authigenic minerals with depth. It was assumed 
that the change of concentration with time was proportional 
me the concentration of free interstitial water present, 
PEG CeStcd by sine Necessity Of Che presence Of water tom 
aechigenic mineral formation (Siever, 1968; Savin and Epstein, 
1970a). Himener, tne Tate sor ColpaetroOn piluises the Lave. or 


deposition was assumed constant with depth: 


Cixenne 

dt = constant 
9c dx _ OC 
ot dt ot 
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and 


Q) 


— a he [H20] (4) 


where ky, = proportilonalie, scons tamer 
Poleamee 23 represents the moisture content of a core taken 
by Kaplan-et al (1963). lt can bie gece iie Giie G ken eieses teen 
@ontent decreases with depth. The Santa Bambara covemiy oo 
had a nearly constant composition of clay/silt with depth 
and thus probably represented as uniform a core as one could 
obtain. The clay/silt content of core A-2 (Figure 24) was 
nearly the same as that of the Santa Barbara core. 

An exponential curve was fitted to the Kaplan data 
mresuming that the water content was being progressively 


Heed up. Ihe equation for this curve is: 


ote 97 9-00774x em/ gm 
where 

x = depth in cm 

i = ia eel ne 


Referring to equation (4) one can write 


3 “KY x 


OM 


| 


= k, e 


Qo 


1E 
and substitution into equation (2) gave 


dR aS °x 
= Res k, © (5) 





dt © |0- 


Combining (1) and (3) to give the total time rate of change 


of the sulphate ratio gave 


il 


ha = k, Reo, [ k3 (Reg, i Ri 0? (6) 
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100 2 300 


MOUSTUme Content Or e Cope (atter Kaplanget yam 


1963). 


ea 





; 
ll oon 


eI JOD ur ‘Hidaa 





oimilarly, for water ratios, Combining cquationcma 


(3) and (5) gave 








x 
— Ka (Roo, - Rug) 


(7) 


Equations (5) and (7) are expressions jepresenc my, 
the effects upon the water-sulphate system by bacteria, phy- 
sacal processes (authigenie mineral formation) j.eand wimemmaec 
eo Cquilibration. These Sa ncmetonen when added together, give 
a computational equation to derive the time constant sought, 


Fe ; 


dR dR -K 
SO, HO _ wiX | ; 
dt i Gas Ka Ky © 2k3 (Reg, Rio? C3) 








The analysis of core A-2b showed that there was 
ineetie likelihood that a-significant portion of the © * an 
mie water-sulphate system was being lost to the formation of 
fethigenic minerals or other physical processes. Therefore, 


meme first term on the right side of equation (8) was dropped 








leaving: 
dR dR 
S504 Oa - 
dt. dt als ar Riy,0? (9) 


minwhich kK; is the looked for time constant for sulphates in 
years 

Berner (1964) assumed that the deposition rate for 
WeGEitsGalitornia shelt sediments was about 0.50 cm per yearn. 
mE this ratewis assumed to be approximately true, then each 


10 inches of core segment represented 84.5 years. This was 


13 





adopted as the time scale for core B-i seine lee, pedeicuen 
was found at the botton (50 inches) of core B-l and, if it 
were possible to have it analyzed for age by Gaara, sie 
the time scale assumed above could be, 1evused accemdane - 
However, such an analysis was Not Gvailable. (Gore B- then 
mas assumed to represent a time Series 7427 cars lee 
fins Was Incorporated inh Figure Za: 

With cach time Step berins 64355) carsy etc secmmuieon 


tional model became 


























-R R _R R 
| SO, ee SO,y t. H20 ae + “H20 uD 
R R ovals R 
4.5] SO, oF S07 ae H2O a + H,O - 
= kemyears) (10) 


memation (10) utilized simple difference molecules for the 
fame rate of change of the sulphate and water ratios and 
Pamltiinetic averages Lorgthe absolute ratio ditrerences mime 
computed k3;'s are presented in Table 9. The first 10 inches 
of the core was apparently undergoing processes which were, 
Mepexpected, Contrary te the assumptions made in the mathe= 
matical model and thus was disregarded. the average of the 


mest Of the data gave a valuc of 
k3= -0.0150+0.0029(standard deviation) years”? 


ie valuic»ot k; 15 negative simee the ratios decrease cach 


year. 
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Figure 25. Combined parameters: of core B-l. 
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Table 9 
Values of Time ConsStént Verivcdet rene 4) erenme. 


Equation (9) 


Bore Depths 


(Inches) R R 
(Core B-1) SO, *H20 Limemitoms ban tare) 
ee ae eel) 
-0.00465 
10 Ae oe ee 
0.0134 
20 £55 Con. 
Ones 
30 AOS Zone 
O20 st 
40 SU) 250 
070195 
50 eed. ceed 


Average 0.0150+0.0029 years~? 
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5 «9 (Calculation women. 
Referring back to equation (3), the value of the 


half life (ts) of the sulphate oxygen was tna, seonpmecae 


dRog 


dt tame) cee 


so, ~ ®u,0? (3) 


gine solution to this ordinary diferent) Sequaeonmers 
el (Reo, 2 Rio? = kz At (11) 


When the argument of the log term on the left is 4%, then 
f-t-s and, 

t% = 46.2 years 
This 1S approximately two-thirds the value which Teis (195€) 
Seedined of 70 years and three orders of magnitude less than 
what Lloyd (1967) obtained. The figure of 46.2 years is in- 
fomcely proportional to the Estimate of the time seale assumed. 
Micretore, 1t appeared that Teis’ estimatemwacmeloser to, wae 
may be found in the real ocean. 

The Lake Vanda study (Rafter and Mizutani, 1967) 
sowed that the sulphates were changing thelr oxygen isotope 
fatios more rapidly than was the water. This may indicate 
mnac the physical processes actiigeomstheswater were opeyea— 
mono 1 themopmosm@iesdi rection  twemeeme sother biological 
DEOcesses. 

Further work remains to define more accurately the 
eo voenveyelcwin Sulphates in sediments wand the OGean So That 
more accurate relationships than equations (6) and (7) can 


be formulated. 
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V. SUMMARY 


The original intent Gi this, paper yas stom c bo mimeie mic 
time constant for the rate of coqlaiibration ote 2 creer 
Suiphates with water. Unis was done experimental, scam 
Ewo cores from the upper Garmel Canyon a. aecimies-cilesce 
ine interstitial sulphates and the amtexs cielahya tence cm. 
omalyzed £or their oxygen 1tsetepe 1atios On sass sopeceruo. 
meecer. Next, the various biological and physical processes 
which can act on sediments to alter the water-sulphate sys- 
mem) 1SOtopically were reviewed and discussed. tfhese pro. 
esses were; 

doe Biolocical reduecumonyote sul pnace Ibi eclMiphaec. 
fmeaucing bacteria (Desulfovibrio spe). 

b. Biclogiceal oxidation of Sumer compounds by 
Zeaourc, Sulphate-reducimg bacteria (iiopacwll i scp 

CG. Brollogical Gxidation GLrsuephur conpeunds wbyeam 
merobie sulphate producing bacteria (e€.¢:, Thiobacilia 
Meni triiicans) . 

dae Chemical oxidation of suliphur compounds acrobreamke 

Cea Oencre piySicalepm@ecesses winteheact. vO alte ~ sora em 
BOtODCueaEmase OL Water wile do: Neteasecet™ phe sulpmace 
oxygen ratios (e.g., authigenic mineral formation). 

ieee seine ratveror sequatibratLomear eter Oxy Seine dimer 


of the water-sulphate system. 
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A mathematical model was proposed which had terms modeling 
those processes considered significant in) the anaerobic ezeme 
of a sediment column. These processes were a, e and g above. 
The two differential equations thus obtained were manipulated 
to yield a computational model which gave the time constant 


for the oxygen ratios of sulphate of, 
-0.0150+0.0029(standard deviation) years”? 


This was then used to determine the half life of sulphate ox- 
ygen ratios as 
t% = 46.2 years 

which was in fair agreement with Teis' (1956) work but three 

orders of magnitude different from Lloyd's (1967) work. Once 
Buch Constants can be precisely determined as a tinction not 

Oaiy Of time but of pH and biological processes as welll, in- 

vestigators will have another powerful dating tool available 

for water mass age determinations which will not require the 


mse Of radioactive nuclide techniques. 


79 





10. 


ie. 


LIS? OF RE EERE Niles 


American Petroleum Institutes) esearch: mone omic 


spectral Pata ole 


Berner, R. A., “An Idealized Model of Dissolved Sulfate 
Distribution in Recent Sediments,'' Geochimica et 
Cosmochimica Acta, Vee e5 pews O75 0 ee cee 


Clark, R.cies andweothers, Antarct wea. saaeie. ton, eee 
Geld. 5 Dp. 327-329 3 Frederic. Peaeger wl 000: 





Clayton, Ra N.4 games Eps teiie Gees Unee ewan s ime 
tween ©*°/0°° Ratios in Coexisting Quartz, Carbonate 
and Iron Oxides from Various Geological Deposits", 


Jounal Of Geol oO mie O05) mes oe melons. 


Craig, H., “isotopic Standards, for Carbon, and Ox jen 
and Correction Factors for Mass-Spectrometrie Analysis 
of Carbon Dioxide”, Geochimiea et CosmechimmteaNetae 
Nemec. D> Loo 0 eo se 


Feobasher, M. . Pundamentalseot. Microbiol Ogi mii cee 
eee o- 554, Wo Bobocumcde bom@ellm amy a nnlo 9 7 


CammteinG. D>, and Dymond. J.) New) Os (ene sO Ge pourra: 
change Between Materials and Ocean Water'"', Geological 


Society of America BUlletin,=y. oi pemais7- 2) mmo te 


Harruson, A. G., and Thode, Ho yGe™ Mechanisin ore 
Bactermal Reduction of Sulphate trom lsotope Traeerona- 


cron stlidies” Transactions Of ihepbamaday SOcioine 
Vode wpe 4- 92a LOSS. 


Heecrine ee |. Coe didi Nenmcdy.).: a een iitte. fy Kenai ec mous 
Cay Cimne tween SUE Le. Nemd Sande ameme . =.) O Une lleoen 


Eich wien cane Chemical SOG 1 Cty jy mao es se 5 0 a0) OnCr 


Jomesmer Ga b.5 and "Starkey. Reese Fractionation: oF 
PeIplcmisotOpes Of SUlLUr Dy Miaeroorganisms and Tineim 
Lemme Deposition ot Native oul np | reds MMekos 
bmoOlogys Vv. 5, Pas iat Lee oare 


Kaplling. I. ReGwEmery. hy 0. sand Rittenberg, S.. Ga saae 
Dis enublit1 On aAnG@weso topic Ablndance Of -oulphir anecee 
cent Marine Sediments off Southern California", 
Ceeearen lL Ca cumCOsmoOenuill ca NC Lame. Cmte pe) 27 croo le 
1963. 


80 





eZ 


i... 


a. 


eS. 


it 


iy. 


18. 


Bo. 


Zu. 


Zl. 


WAL 


Kaplan, I. R., and Rafter, [2 4.) Peaciton seme nor 
Stable Isotopes Otfesuliir by Mich acimei Ser cnecr 
Viol 27 jo pe 517s Sane 


Kaplan, I. R., and Ratter, 1. 42308 trans tomar lonseon 
Sulfur Compounds in the Sediments of Milford Sound", 


New Zealand Department of SCientitic and industrial 
Research, Research Bulletin 157 (New Zealand Oceano- 


graphic Institute, Memoir Now toe 0 cone 





Kaplan, I. R., and Rittenberon sec. 9) pacer onatiemmon 
Isotopes in Relation to the Problem of Elemental 
Sulphur TranspoverbysMicroOr eo imecMcee meno Ue ry eee! 
Delo S10 99 aa SiGe 


Kaplan, 1: R., andwrittenberg so. C. “Microb r1o Poameall 
Fractlonation Of sulphur 1sotopes ss.) ola omeGenenaly 


MCT ODLOLOSY 5.0 V ped een oo ace emo 


Kaplan, I. R., Sweeney, R. E., and Nissenbaum, A., 
roultun Isotope Seudres on Red ScasGeotncuna homies 
in sediments", Hot Brimgee and Mecent Heavy Metaiawics 

Osits in the RédvSea, Deseis ae. [., and oss.) 7 
eds.), Springer-Verlag New York Inc., p. 474-498, 
1969. 


iilovdr KR. M., “Oxyoen-I8 Composition of OceanlerSulleaeam 
Siememcema vy. Loo cepa lZ26-l2o io G 7. 


Longamel tae. , ana Crate. he. Ox voen- hoe Variaetoms sim 
Sulfate Ions in Sea Water and Saline Lakes", Science 
Vee Ou eo O > SO eeleSion/. 


Mekhtteva, V; lis “anaes kKondrat "6éva.. bk. Nie Uh ractronmation 
Of otablc Isotopesvoreoult ur by eehoresynimes 1 Zia 
Purple Sulfur Bacteria Rhodopseudomonas sp.", Academy 
of Sciences of the USSR, Proceedings, Biological 
DelLeMeGes SCCULOUR 6 100, Dee O> eee OOGe 


Nagai.) No.3 and Jensen. i. 8 wine Ime tke LSOtOpe wm. 
neem tiesbacterilaleRedict) Onmamueerdtaac lon Of sollte 
Gecammmrcavet sCOSmMOchimica ACtaseyv, 26, Dp. 1893-2907. 
Gas 


Raieeememl, A. JSulturslsotopic Ver vations im Na tune 
Part 2 - A Quantitative Study of the Reduction of Barium 
Sulphate by Graphite for Recovery of Sulphide - Sulphur 
for Sulphur Isotopic Measurements", New Zealand Journal 


Gumocilenccnana |eehmolocy wey» oob wD ooo 706, Looe 


Ragten.. L. Aeecand Mizutani eee Pi elaminaiy o cudn or 
Vartaerons OF OXVPen anid SimpmlG is ocones en INajeun al 
Suipiates Nature, Vv. JO. DLO UZ ea Loins 


Sal 





Zor. 


24. 


Le 


Zo: 


Zl 


Lee 


wo 


0 


SL. 


D2. 


75. 


54. 


Rankama, K., Progress in Isotope Geollcg me eee 
John Wiley and Sons, 1963. 


savin, S. M., and Epstein, S., "The Oxyeen sand yvdrocen 
Isotope Geochemistry of Clay Mine wale Ges ene eee 


Cosmochimica Actag “Vv. $4. oem 2447 oy ae 


Savin, S. M., and Epstein; S39)" The vOr7cen andele diesen 
Isotope Geochemistry of Ocean Sedincmres ance ita 
Geochimica et Cosmochimica Netal) y= 54 tone 
oy Obs 





Schwarezo Hy Pg Apueds) 2a kh ame Me vues a Cem ere 
Boron lsotopie Fractionation Vurine Olay Ade ommeaon 
from Sea Water'', Earth and Planetary Science Letters, 
Veron mah 5 <LoGoR 


DLeVer win, ‘BStaplenmen GeO mmc Waele mb Between Clays 


and Sea Water’, Barth and) Planetary s¢icenGe lc ercuce 
1 ee eo eee OO le Oar oer 


Skemman, Ly. M., 'Macrobiologiealea tudes Sites Gina 
Basin, Milford Sound", New Zealand Department of Scien- 
fieve and Industrial Rescearen. Research) Dumlet mimmloy a 
(New Zealand Oceanosnaniie Institute, Menor lon ioe 
ieee |. L9G oR 

Téedseak. V., “Isotopic Composition Of Water otpeuy sta 
ligeton” , Akadema la Nauk sok Dok lady. vy Jo. 

Dasa soo. £954: 


TersSyene V., 'bsotopve Composition of Ox) ocnm@ine Nae . 
SuliEawes , GeOkmiiiind = Vilou pn cs) 7 20 Soho Don 


Inoden Ha Ges Kkeerekoper. Hh «sana Meblcheman. pee 


"isotope Practionation in the Bacterial Reducttoneor 


owubolieie . keene Wee io Selo see, Ihe Sil¢ 


(upper. bh. G..-"Bacteraa ll) Sulface, Redverion in) tiomeen 
Sedwnoe brines , HOU Brines sand ehecenewneavy Metalic. 


Oomeceetn pone wnCd oCa Neechc mmr lo sande ROSS. UGam 
oo Spencer ven lace NCwae One Mie, 20'S 22 ee 


BoCoe 


van Donk, J., and Mathieu, G., "Oxygen Isotope Composi- 
tions of Foraminifera and Water Samples from the Arctic 


Ceedie yy LOU nnOuEGCODMyolealheseanel ev. 74), 
Demo ovG= 540 7 ooo" 


RE GSO oO. Vey aicmNacer bin ee amoem. lie ober) Lomo 
Primes uO eric “Red soca) wat@turbincs ang Recent tulitawy 


Metal Deposits in the Red Sea, Degens, E. T., and 
Rossa i, “i (eds.), Sprincer-verlac New Work mem 


Wee? 2 1960. 


82 





35. Wilson, A. 7T., and Wellman, Ho We Lake) anda wee an 
Antarctic Lake', Nature, v.19 G ep eS cere 


36. Yeremenko, N. Aw,eand Mekhti1yeva 2 le i ee ikemmara 


Microorganisms in Fractionation of Stable sui tui 
topes”; Geokhimiyay. Vion 2.) Dee by 4c 0 cueelecronlee 


83 





INITIALS DISTR EBUITONS bio 


NOw COpies 
Defense Documentation Center Z 
Cameron Station 
AVescaidscakag: V 1 WG aniava eZ 25 
Fibrin Code 0 2ib7Z 2 


Naval Postgraduate School 
Montewey, Calttoumniae 40 


Assoe. Professor Ca F-vhowelleetede S483 it 
Department of Materia sSelencemancas Giemils bia, 
Naval Postgraduate School 

Momterey.= salt 16 rit 4a) 


LCDR Ralph Rillman Miller, IIi,; USN 1 
New London Laboratory 

Naval Underwater Systems Center 

New London, Connecticut 06320 


Dir. Reo. Andrews cede 5e6ehd 2 
Department of Oceanography 

Naval Postgraduate School 

MOntcwey ss Calltoin ba 95940 


Deparment of Oceanography, Code 58 Cu 3 


Naval Postgraduate School 
Monterey wecaliformia 93940 


84. 





UNCLAS cae 


Secunty Classification 
Pea BE Pe LST FSO 


Te ae a 


DOCUMENT CONTROL DAIA-R&D 





‘Security classification of title, body of abstract and indexing annotation must be entered when the overall report ts Classified) 
by ORIGINATING ACTIVITY (Corporate author) 28, REPORT SECURITY CLASSIFICATION 
Naval Postgraduate School Unciaissccied 
: : 2b. GROUP 
Monterey, California 93940 a 


mere ORT TITLe 


ietermination of Natural Exceiamee Constants of Oxycen sin Ocea ie 


Dd SD ap ET Sa ee 





4 DESCRIPTIVE NOTES (Type of report and, inclusive dates) 


Master's Thesis, March 1971] 


S$ AU THORIS) (First name, middie initial, last name) 


Peep Rillman Miller, III 





6. REPORT OATE 7a, TOT4L NO. OF PAGES 7b. NO. OF REFS 
2 9 86 
; 8a. CON TRACT OR GRANT NO. 98. ORIGINATOR'S REPORT NUMBER(S) 


6b. PROJECT NO. 


9b. OTHER REPORT NO(S) (Any other numbers that may be assigned 


this report) 


10. DISTRIBUTION STATEMENT 


meeeoved for public release; distribution unlimited. 


11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 
Monterey, Calaiornmaen Joc 


13. ABSTRACT 


D 


Prema 7 wee) 


An investigation was made into the rate of equilibration 
of the stable isotopes of oxygen in the water-sulphate system 
mimche Océan. Two cores from the Carmel Submarine Canyon one 
the California coast were analyzed. The absolute ratios of 
the oxygen in the interstitial water and dissolved sulphates 
mere determined using a mass spectrometer, The various bio- 
logical and physical processes which can alter the isotopic 
ratios were discussed and a simple mathematical model was 
proposed. The mathematical model retained terms which were 
eonsidered significant in the anaerobic zone of a sediment. 
After simple manipulations, a computational model was derived 
and a time constant for the oxygen ratio of the water-sul- 
phate system was determined as -0.0150+ 0.0029 (standard 
deviations) year-'. From this, the t% was determined to be 
woe 2 Yeaus. 


2 ARE wT LAL ca 5 TED Serr ray Lae to eS FRE po 


UNCEASoT ELE, 


S/N 0101-807-6811 85 Security Classification 


A-31408 





UNCLASSTELED 
Security eee ication: wayne 


KEY WOROS 


Sulphate Oxygen Ratios 

Oxygen Ratios 
Water-Sulphatessystem tiessediments 
Stable Oxygen Isotope Ratios 


ime Constant for stable Oxycen 
BSOeOpDeS In Oceamye Sulphates 


Oxygen Geochemistry 


Interstitial Water of Sediments, 
wremistry Of 


Peable Oxygen Isotope Geochemistry 





DD "1473 (sack) 


S/N O101- : ; ee 
1-807-682}3 86 Security Classification A-=31409 











hes 126213 
M5879 Miller 
e.1 Determination of 


natural exchange con- 
stants of oxygen in 
oceanic sulphates. 





i a ae ae 
Determination of natural exchange consta 


049 4 
DUDLEY KNOX LIBRARY 





